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Summary
Green algae, land plants, and other photosynthetic eukary-
otes possess plastids, such as chloroplasts, which have
evolved from cyanobacterial ancestors via endosymbiosis
[1]. An early evolutionary merger between heterotrophic eu-
karyotes and cyanobacteria called primary endosymbiosis
gave rise to the first photosynthetic eukaryotes. A series
of plastid acquisitions involving engulfment of eukaryotic
phototrophs, known as secondary or tertiary endosymbi-
osis, followed [2]. Through these repeated symbiotic events,
photosynthesis spread across a number of eukaryotic line-
ages [2, 3]. While the origin of eukaryotic photosynthesis
was undoubtedly a fundamentally important evolutionary
event in Earth’s history, without which much of the modern
marine phytoplankton would not exist, the cellular pro-
cesses that shaped this initial plastid genesis remain largely
unknown. Here, we report ultrastructural evidence for bacte-
rial phagocytosis in a primary plastid-bearing alga. Thismix-
otrophic green alga utilizes a mouth-like opening, a tubular
channel, and a large permanent vacuole to engulf, transport,
and digest bacterial cells. This mode of phagocytosis, likely
inherited from its plastid-lacking ancestor, differs from
those displayed by many other eukaryotes, including ani-
mals, amoebas, and ciliates. These results provide insight
into the key phagocytosis step during the origin of the first
photosynthetic eukaryotes.Results and Discussion
Phagocytosis refers to the process of engulfment and degra-
dation of bacteria or other relatively large particulate matters
[4]. It is performed by a variety of eukaryotic groups and entails
highly coordinated cytoskeletal rearrangements and signaling
networks [5]. While many unicellular eukaryotes, such as
amoebozoans, use phagocytosis as the primary mechanism
of food acquisition [3], phagocytosis has roles in defense
against pathogens as well as embryogenesis in multicellular
metazoans. Presumably present since the last eukaryotic
common ancestor [5], phagocytosis has had significant
impact in eukaryotic evolution, as it is assumed to have been
an essential process in the origins of mitochondria and plas-
tids and may facilitate the acquisition of foreign genetic4Present address: Division of Environmental Photobiology, National Insti-
tute for Basic Biology, Nishigonaka 38, Myodaiji, Okazaki 444-8585, Japan
*Correspondence: ekim1@amnh.orgmaterial by eukaryotes via lateral gene transfer [1, 3]. In this
study, we provide definitive microscopic evidence for phago-
cytosis in a primary plastid-containing green alga, the marine
prasinophyte Cymbomonas, providing clues as to how early
eukaryotes might have acquired the cyanobacterial predeces-
sors of plastids.
The phagocytotic engulfment of cyanobacteria by an ances-
tral flagellate was undoubtedly a first step in the evolution of
the first photosynthetic eukaryotes. This process of primary
plastid generation is believed to have occurred at the origin
of three extant lineages of eukaryotes: Viridiplantae (green
algae plus land plants), Rhodophyta (red algae), and Glauco-
phyta (glaucophytes), which have together been classified
as Archaeplastida [6]. These primary plastid-containing algae
in turn served as ‘‘seeds’’ for subsequent plastid-generating
events by secondary and tertiary endosymbioses that
produced several photosynthetic lineages, including plastid-
bearing members of cryptophytes, haptophytes, strameno-
piles, and euglenophytes [2, 3].
Despite being of critical evolutionary significance, the pro-
cesses by which ancestral heterotrophic eukaryotes took up
the cyanobacteria that evolved into primary plastids remain
mysterious, especially because plastid-lacking members,
whichcould serveasmodels for early heterotrophic eukaryotes
that existed prior to the acquisition of plastids, are not known
within the Viridiplantae, Rhodophyta, or Glaucophyta. As a
matter of fact, even those that have secondarily lost photosyn-
thetic capacity still possess nonphotosynthetic plastids for
other essential metabolic functions [7]. The only exceptions
would be some algae, including Bulbochaete, which have
specialized cells that are devoid of plastids, but such differen-
tiated cells are not involved in reproduction, so the plastid is in-
herited by the offspring of these algae [8]. In addition, there has
been no clear consensus as to which modern group of hetero-
trophic eukaryotes is most closely related to any of the three
major groups of the Archaeplastida. Furthermore, unlike sec-
ondary or tertiary plastid-containing algae such as strameno-
piles, in which phagotrophy (i.e., nourishment by means of
phagocytosis) is well characterized among at least somemixo-
trophic members, the occurrence of phagotrophy in primary
plastid-containingprotists ispoorly understoodandcontrover-
sial [3, 9]. Although phagocytosis has been suggested to occur
in some early-diverging prasinophyte green flagellates [9–13],
convincing evidence for this process has been elusive.
Cymbomonas is a member of the prasinophytes, a paraphy-
letic assemblage of basally diverging green algae, most of
which lack a rigid cell wall [14]. When grown for several days
under a short day and low irradiance, Cymbomonas cells (Fig-
ure 1A), which are wall-less in the motile state, were observed
to contain bacterial cells within a large vacuole (Figure 2A–2C).
Phagocytosing Cymbomonas cells often lacked visible starch
granules and had rather loosely arranged thylakoid mem-
branes (Figure 2A), suggesting that photosynthesis was
severely limited by light availability. In contrast, internalized
bacterial cells were not detected when the alga was grown un-
der long day and high irradiance conditions (Figure 3A). These
results indicate that light regulates the extent to which phago-
trophy is performed by Cymbomonas. In natural environ-
ments, unlike the nutrient-replete growth conditions used in
Figure 1. Light and Fluorescence Microscopic Images of the Green Alga
Cymbomonas
(A) Differential interference contrast (DIC) image of Cymbomonas and
cocultured bacteria (arrowheads).
(B) A Cymbomonas cell stained with neutral red.
(C) A live Cymbomonas cell labeled with pHrodo Green dextran. The image
at the far right is an overlay of pHrodo and chlorophyll signals.
Scale bars represent 10 mm.
Figure 2. Phagocytosis in the Green Alga Cymbomonas
(A) A longitudinal section, showing a large vacuole (v) containing bacterial
cells as well as an associated duct (d).
(B) Degraded bacterial cells within the large vacuole.
(C) Electron-dense granular material (arrows), likely corresponding to lytic
enzymes, occurs within the vacuole (v).
p, plastid; m, mitochondrion; g, Golgi body. Scale bars represent 2 mm in (A)
and (C) and 0.5 mm in (B).
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phosphorus, and ironmight also play important roles in the tro-
phic modes of the alga [15]. Despite its capacity for bacteri-
vory, Cymbomonas appears unable to sustain growth solely
by heterotrophy, as the alga failed to grow or even survive after
a week of dark treatment.
Bacterial feeding and digestion occur through a duct and
vacuolar structure in Cymbomonas (Figures 2A, 2C, 3B, and
4). The large vacuole stained red with neutral red dye (Fig-
ure 1B) and fluoresced green with pHrodo labeling (Figure 1C),
as is expected for an acidic food vacuole. Regardless of the
nutritional status of the cell, this large vacuole contained elec-
tron-dense, granular aggregates (Figures 2C, 3A, and 3C),
which stained intensely with neutral red and hence likely repre-
sent digestive enzymes (Figure 1B). Bacteria appeared to be
drawn into the duct, which has an opening at the cell’s anterior,
and are subsequently transported into the large, acidic vacu-
ole, where digestion occurs (Figures 2A, 2C, 3B, and 4). The
duct is associated with a striated, muscle-like root, which
may be contractile and involved in peristalsis-like movement
of food particles through its narrow channel [9, 12]. Unlike
the membrane surrounding the duct, the vacuolar membrane
is not smooth but is highly invaginated, similar to the food
vacuolar membrane of other phagocytotic cells, such as cili-
ates [16]. Such invaginations may facilitate the transport of
digested matter to the cytoplasm (Figure 3D).
A structure of unknown function similar to the duct
and vacuole feeding apparatus of Cymbomonas is present in
other prasinophyte flagellates such as Halosphaera and
Pterosperma [12, 17]. In Pterosperma, darkly stained globules
or aggregates occur within a large vacuole and the cytoplasm
(Figures 3E and 3F) and appear homologous to the digestive
bodies of Cymbomonas, based on conserved morphology
and cellular location (Figures 3A, 3C, and 3D). Furthermore,
like Cymbomonas, most other prasinophytes, including
Tetraselmis andNephroselmis, possess at least one large vac-
uole, which typically contains granular aggregates [18]. Thispattern of conserved morphological traits in paraphyletic,
basally branching green algal lineages supports the hypothe-
sis that the complex feeding system identified inCymbomonas
is plesiomorphic for green algae and may descend from the
feeding apparatus of the presumed heterotrophic ancestor
of green algae. Conservation of this complex endomembrane
organization in several extant prasinophyte taxa also suggests
that opportunistic mixotrophy is more broadly distributed
among green algae than previously realized.
The characterization of phagocytosis in the wall-less, early-
diverging representative of green algae provides critical clues
for better understanding the detailed nature of endosymbiotic
organelle evolution. Our study suggests that the heterotrophic
host eukaryotes ancestral to green algae or perhaps all three
primary plastid-containing algae (if the Archaeplastida are
indeed monophyletic, as has been suggested by some au-
thors; e.g., [19], but see discussion in [20]) likewise lacked a
rigid cell wall and possessed an ingestion apparatus, through
which particles were taken up at a localized opening, and food
digestion occurred in a separate, permanent vacuole. This
feeding mode differs from that displayed by many other
phagocytotic eukaryotic cells, which ingest particles more or
less anywhere along the cell surface (e.g., amoebozoans and
macrophages of vertebrate animals) [21] or lack a permanent
food vacuole (e.g., ciliates) [22]. Given that prasinophytes are
important components of marine phytoplankton today, as
in the past [23], our finding also highlights the importance
of reevaluating the potential contribution and impact of mixo-
trophy by primary plastid-containing protists in aquatic eco-
systems. Lastly, we would like to note that our results call for
modifications to the model of the first photosynthetic eukary-
otes by Spiegel [24]. Unlike what was originally hypothesized,
this study suggests that the first photosynthetic eukaryotes
had the capacity for phagocytosis, which has persisted to
this day, at least in some of their green algal descendants.
Figure 4. Fluorescence Labeling Experiments
ACymbomonas cell after 3 hr incubationwith DAPI-labeled bacteria. Arrows
indicate engulfed bacterial cells that are being transported in the duct chan-
nel. The posterior vacuole (v) is weakly fluorescing, probably because of its
very low pH, under which DAPI signal is not stable. Note that DAPI fluores-
cence, which is originally blue, is changed to pink using Photoshop to aid
visual clarity in the overlaid image. Scale bar represents 10 mm.
Figure 3. Transmission Electron Micrographs of Cymbomonas and
Pterosperma Cells
(A) A Cymbomonas cell grown under the long day and high irradiance treat-
ment described in Experimental Procedures. Note the presence of
numerous starch granules within the plastid.
(B) A duct opening (arrowhead). Note that both the duct and the associated
vacuole contain scales.
(C) A section showing the translocation of a darkly stained body (arrow) from
the cytoplasm to the vacuole.
(D) The membrane surrounding the food vacuole is often invaginated
(asterisk).
(E and F) Pterosperma sp. cells grown under the short day and low irradi-
ance treatment. As in Cymbomonas, osmophilic globular bodies (arrow),
likely possessing lytic enzymes, were found in the cytoplasm and a large
vacuole (v) of Pterosperma cells.
v, vacuole; d, duct; n, nucleus; m, mitochondrion; p, plastid; s, starch
granule. Scale bars represent 2 mm in (A) and 1 mm in (B)–(F).
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Culture Conditions
A culture of Cymbomonas was obtained from the Plymouth Culture Collec-
tion of Marine Microalgae (PLY262) and maintained in f/2 medium or
a mixture of f/2 medium and 2%–5% (v/v) Seawater 802 medium (i.e.,
ATCC medium 1525), at 12C –18C. For the long day and high irradiance
treatment, the culture was grown under the 16:8 hr light:dark cyclesand the photosynthetically active radiation (PAR) level of 80 mmol (photons)
m22s21. The short day and low irradiance condition involves the use of a
4:20 hr light:dark cycle and the PAR level of 3 mmol m22s21. PAR was
measured using a QSL-2101 sensor and LOGGER-2100 software (Bio-
spherical Instruments).
A culture of Pterosperma sp. (CCMP1384) was maintained in Prov50
medium under the long day and high irradiance condition, followed by incu-
bation under the short day and low irradiance condition for 3 days before fix-
ation for electron microscopy.
Light Microscopy
Cymbomonas cells fixed in glutaraldehyde (2.5%, final concentration) or
stained live with neutral red (Sigma-Aldrich) were observed and photo-
graphed using an Axiovert 100 microscope (Zeiss) equipped with an
Olympus DP73 digital camera.
Transmission Electron Microscopy
Cultures of Cymbomonas and Pterosperma were mixed with an equal vol-
ume of ice-cold 5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) sup-
plemented with 0.25 M sucrose or seawater, and the mixture was placed on
ice for 1 hr before centrifugation at 1,000 relative centrifugal force for 10 min
at 10C. The green algal cells were so fragile that even gentle centrifugation
severely disrupted the live cells. Thus it was necessary to fix the cells before
centrifugation. After three 10 min washes with cacodylate buffer or
seawater, cells were fixed for 2 hr with 1% osmium tetroxide in 0.1 M caco-
dylate buffer, followed by three 10 min washes in a dilution series of the
buffer. After the final rinse in distilled water, cells were incubated in 0.25%
uranyl acetate at 4C overnight. Samples were then dehydrated in an
acetone series and embedded in Epon-Araldite resin. Ultrathin sections
were cut using a diamond knife, placed on copper grids, stained with 2%
uranyl acetate for 10min and lead citrate for 4min, and observed and photo-
graphed using a JEM1230 transmission electron microscope (JEOL) with an
ORCA-HR digital camera (Hamamatsu).
Feeding Experiment with Fluorescently Labeled Bacterial Cells
Bacteria cocultured with Cymbomonas were grown in an equal mixture of
f/2 and Seawater 802 medium and labeled with DAPI (1 mg ml21, final con-
centration) for 5 min. To remove unbound DAPI molecules, we harvested
2 ml bacterial cells by centrifugation for 2 min at w10,000 rpm, removed
the supernatant, and resuspended the pellet in 1 ml of sterile f/2 medium.
After three repetitions of this rinsing step, the pellet was suspended in
200 ml of f/2 medium and mixed with 2 ml of Cymbomonas culture at the
exponential growth phase. The mixture of Cymbomonas and DAPI-labeled
bacteria was incubated in the dark at 10C–16C, and an aliquot was taken
at different time intervals between 0 and 4 hr for fluorescence microscopy.
An Axiovert 100 microscope (Carl Zeiss) and an Olympus DP73 digital cam-
era were used for imaging.
Endocytosis Assay
Cymbomonas cells were incubated with pHrodo Green dextran (50 mg/ml,
final concentration; Invitrogen) for 3 days under a short day and low irradi-
ance condition. This dye conjugate emits bright green fluorescence only
Current Biology Vol 23 No 12
1084under acidic conditions. Live cells were observed and photographed using
an Axioplan 2 microscope and an Axiocam HRc digital camera (Carl Zeiss).
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